We have extensively measured the resistance of NbSe 3 near critical pressure (P 1 ¼ 3:2 GPa) for the upper charge-density-wave (T 1 -CDW) phase. We reveal that the T 1 -CDW coexists with the superconducting (SC) phase between 2.0 GPa and 2.9 GPa. Near P 1 on the T 1 -CDW side, the T 1 -CDW transition temperature appears to be singularly, T 1 $ ðP 1 À PÞ 0:49AE0:03 and the SC transition is very broad and becomes much sharpened with increasing pressure. We discuss mechanism of the coexistence of the T 1 -CDW and the SC phase.
Introduction
Coexistence of diagonal long-range order (DLRO), associated with a structural ordering, as well as off diagonal long-range order (ODLRO), indicating phase coherence, is an attractive problem in condensed matter physics. [1] [2] [3] [4] Such a coexistent state is called supersolid phase. Initially, Penrose and Onsager 1) showed that such supersolid phase cannot occur, where zero-point fluctuations were ignored. Subsequently, it was argued [2] [3] [4] that including the effect of large zero-point quantum fluctuation in the crystal phase might allow for the existence of the supersolid. Such a phase has been extensively explored in the solid phase of 4 He and experimental evidence for the supersolid phase were recently obtained by Kim and Chan. 5) This observation gives us a fresh motivation to study the coexistence of a superconducting (SC) and a charge-density-wave (CDW) states becasue the superconductivity is the ODLRO by Bose condensation of the Cooper pairs, while the CDW is the DRLO with structural ordering with electrons, that is, charge-crystal. We are especially interested in the CDW phase near a critical pressure where quantum fluctuation of the CDW phase is expected at low temperatures. 6) As for the interplay between the SC and the CDW states, in the case of imperfect nesting, such a coexistence is often observed for many classes of materials [7] [8] [9] [10] [11] and the physical origin has been understood by considering the occurrence of the SC state on the unggaped Fermi surface (FS) created by the imperfect nesting. [12] [13] [14] [15] [16] [17] Then, we pose the question: Is it possible for a material to have a phase where CDW and SC phases coexist in the case of nearly perfect nesting?
In this paper, we focus on the pressure-temperature (P-T) phase diagram in a typical quasi-one dimensional conductor NbSe 3 because there are remarkable competition and coexistence of the SC and CDW states when applied pressure is changed at low temperatures. 18, 19) The crystal structure of NbSe 3 consists of three pairs of inequivalent chains, referred as I, II, III and the CDW develops on the chain III at 142 K (T 1 ) and on the chain I at 58 K (T 2 ). [20] [21] [22] Band-structure calculation 23) shows that the upper CDW (T 1 -CDW) transition is attributed to a nearly perfect nesting between quasi-parallel sheet of the FS associated with the chain III, while the lower CDW (T 2 -CDW) transition is due to an imperfect nesting of the remaining part of the FS related to the chain I.
Previously, Ido et al. 18) studied the pressure effect on the T 2 -CDW and the SC state by conventional piston cylinder method with mixture of kerosene and transformer oil as a pressure-transmitting medium. They found that the T 2 -CDW competes with the SC state at P 2 ¼ 0:75 GPa and does not coexist with the SC state. The logarithmic pressure slope of T 2 (P < P 2 ) and T c (P > P 2 ) are found to be practically equal, suggesting that there is competition between the SC and the T 2 -CDW phase on the FS related to the chain I. So we call the SC phase between 0.75 GPa and 2.5 GPa the lower-SC (l-SC) phase.
Regueiro et al. 19) found that the T 1 -CDW phase is suppressed totally around at P 1 ¼ 4:0 GPa. The value of T c increases with increasing pressure above 2.5 GPa and exhibits the maximum value near P 1 , while it decreases gradually up to 7.2 GPa. According to Regueiro et al., the logarithmic pressure slope of T 1 (P < P 1 ) and T c (P > P 1 ) are also found to be practically equal, suggesting that the SC state above P 1 and the T 1 -CDW phase are due to the FS associated with the chain III and the SC state coexists with the T 1 -CDW state between 2.5 and 3.5 GPa. So we call the SC phase between 2.5 and 7.2 GPa the upper-SC (u-SC) phase.
Regueiro et al., 19) however, used the opposite-type anvil device with steatite as a solid pressure-transmitting medium. So the pressure inhomogeneity will be a serious problem in the coexistence of the SC and the T 1 -CDW phases. In fact, the observed SC transition was very broad. To clarify the correlation between the T 1 -CDW and the SC phase near P 1 , the generation of high quality homogeneous pressure is strongly required. To investigate whether the T 1 -CDW phase coexists with the SC state or not, we have extensively measured the electrical resistivity of NbSe 3 near P 1 using the cubic anvil device 24, 25) with Daphne 7373 oil 26) as a pressure-transmitting medium.
Experimental
In this paper, we show the temperature dependent resistance of NbSe 3 at various pressures up to 5.7 GPa measured at temperature from 2.65 to 300 K. Single crystals of NbSe 3 were grown by vapor transport in sealed evacuated quartz tubes using Nb wires of 99.9% purity and Se shot of 99.999% and heated to 1013 K for two weeks at a temperature gradient of approximately 1 K/cm. The obtained crystals gave residual resistance ratios R(300 K)/R(4.2 K) in the range 50-60. The resistance of NbSe 3 was measured a usual four-probe dc method, where the electric current was parallel to the b-axis. The samples were attached to four annealed Pt wires of 20 mm diameter with Dupont silver paint (No. 4929). We used a cubic anvil device combined with a cryostat designed originally by Môri and Takahashi. 24, 25) In order to generate high quality homogeneous pressure at low temperature, we used a Teflon cell in which the sample is immersed in fluid. As a pressure-transmitting medium, we used Daphne 7373 oil. 26) Pressure was calibrated by use of the Bi I-II, II-III, III 0 -IV transitions.
3. Results Figure 1 shows the temperature dependent resistance of NbSe 3 measured with increasing temperature at various pressures. Note that the lowest pressure in Fig. 1 already exceeds the critical pressure for the T 2 -CDW phase. The T 1 -CDW transition temperature (T 1 ) is defined here as the temperature where temperature derivative of the resistance exhibits the maximum. The transition temperature T 1 decreases monotonously with increasing pressure and the T 1 -CDW disappears at the critical pressure of P 1 ¼ 3:2 GPa. Transition at T 1 -CDW becomes broader with increasing pressure, suggesting that the thermal and/or quantum fluctuations near P 1 play an important role for the suppression of the T 1 -CDW phase near P 1 , as well as collapse of the FS nesting.
The present P 1 is smaller than that of the earlier study, 19) where an opposite-type tungsten-carbide anvil device and solid pressure medium were used. Probably, the difference may be due to the pressure inhomogeneity. Indeed, according to comparative studies, the data obtained by the cubic anvils are quite different from ones obtained by the oppositetype anvils. 27 ,28) Figure 2 shows the pressure dependence of the u-SC transition of NbSe 3 . At 1.8 GPa, any drop in the resistance is not observed at least down to 2.65 K, while above 2.6 GPa the resistance shows decrease associated with the u-SC transition. The u-SC transition temperature T c is defined as the temperature where the resistance becomes one-half of that in the normal state. The transition temperature T c increases to the maximum value around P 1 , while it decreases gradually at higher pressures. As for the transition width in the u-SC transition, we observe very broad u-SC transition at 2.6 GPa and the transition width become much sharpen with increasing pressure. Therefore, this broad transition at 2.6 GPa cannot be attributed to the pressure inhomogeneity and may be intrinsic nature of the u-SC phase transition coexisting with the T 1 -CDW phase. Origin of the broad transition may be due to the fluctuation effect on the SC order parameter near P 1 . Above 3.2 GPa (where no T 1 -CDW phase), we observe very sharp u-SC transition in contract to the results by Regueiro et al., 19) showing the high quality homogeneous pressure.
Let us estimate the magnitude of the pressure inhomogeneity at 5.7 GPa, which gives the upper limit of the pressure inhomogeneity. The u-SC transition width at 5.7 GPa and dT c =dP between 4 and 5.7 GPa are 0.19 K and 0.45 K/GPa, respectively. So the pressure inhomogeneity is estimated to be 0.35 GPa within the Teflon cell if we assume that the u-SC transition width at 5.7 GPa is due to the pressure 
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inhomogeneity. Note that the pressure width in the coexistence state is ÁP ¼ 2:9 À 2:0 ¼ 0:9 GPa, which is much larger than the pressure inhomogeneity of 0.35 GPa. We conclude that the coexistence of the T 1 -CDW and the u-SC states cannot be attributed to the pressure inhomogeneity. Figure 3 shows the P-T phase diagram in NbSe 3 . The results shown in Fig. 3 qualitatively agree with the results by Regueiro et al.
19) It should be noticed in Fig. 3 that both the initial slope of ln T 1 and the slope of ln T c above 3.2 GPa decrease linearly with almost same pressure coefficient, showing the FS dependent CDW and superconductivity by quasi-parallel sheet of the FS associated with the chain III, as discussed earlier. 18, 19) In this phase diagram, most interesting finding is the coexistence of the T 1 -CDW and the u-SC state between 2.0 and 2.9 GPa. According to Ido et al., 18) however, the T 2 -CDW state does not coexist with the l-SC state. Origin of the difference is unclear.
Discussion
Let us discuss the origin of the coexistence of the T 1 -CDW and the u-SC states. The P-T phase diagram in NbSe 3 shows the logarithmic pressure slope of T 1 (P < P 1 ) and T c (P > P 1 ) are practically equal, suggesting that the u-SC state and the T 1 -CDW phase are due to the FS associated with the chain III, as discussed earlier. 18, 19) The band-structure calculation 23) shows that the T 1 -CDW transition is attributed to the nearly perfect nesting between quasi-parallel sheet of the FS associated with the chain III, while the T 2 -CDW transition is due to the imperfect nesting of the remaining part of the FS related to the chain I. This means that there are few electron and/or hole pockets in the T 1 -CDW phase. It is expected that applying pressure leads to a collapse of the nearly perfect nesting of the FS, that is, the increase in the ungapped pockets of the FS related to the chain III. So the occurrence of the u-SC phase and the enhancement of T c by increasing pressure might be due to the decrease in the nesting size of the FS. For the T 1 -CDW phase, however, Yasuzuka et al. 29, 30) showed that the magnitude of a magnetoresistance due to a pressure-induced imperfect nesting of the T 1 -CDW phase under high pressure is much smaller than that of the T 2 -CDW phase. This observation shows that the FS near P 1 still keeps good nesting condition as compaired with the case of the T 2 -CDW state despite the u-SC transition temperature is higher than the l-SC one. 18, 19) The P-T phase diagram in 2H-NbSe 2 , which is known as a typical example in the coexistence of the SC and CDW states in the case of imperfect nesting, shows counterbalance in the pressure dependence of T c and T 1 , that is, increase of T c and decrease of T CDW . 7) As seen in Fig. 3 , however, T 1 strongly decreases, while T c slightly increases in the coexistence region between 2.0 and 2.9 GPa, which is not explained qualitatively by considering the occurrence of the SC state on the ungapped FS. In addition, we observe that the T 1 -CDW transition and the u-SC transition become much broaden as both transitions approach to P 1 , suggesting the presence of the thermal and/or quantum fluctuations at P 1 . Thus, we will need a new model to explain the coexistence of the T 1 -CDW and the u-SC phases in the case of nearly perfect nesting. Figure 4 shows the scaling plot of T 1 obtained from the P-T phase diagram near P 1 where the u-SC state also appears. The horizontal axis represents the reduced pressure ðP 1 À PÞ=P 1 . The solid line indicates the following power law form T 1 $ ðP 1 À PÞ 0:49AE0:03 . The obtained critical exponent is consistent with a mean field theory by Yamaji.
12)
The result suggests the critical phenomenon for the T 1 -CDW phase near P 1 and that the pressure-tuned T 1 -CDW transition is of second order. We next discuss the pressure dependence of the resistive increments at T 1 , which results from the opening gap at the Fermi level E F due to the T 1 -CDW formation. The size of resistive increment is usually defined as ¼ ðR 1 À R 2 Þ=R 1 , where R 1 is the value of the resistance at the maximum and R 2 is the value of the normal resistance at the same temperature extrapolated from above T 1 (see the inset of Fig. 5 ). The value reflects the magnitude of the T 1 -CDW gap, as pointed out earlier. 18, 19) Pressure dependence of is shown in Fig. 5 . Close to P 1 , the solid line indicates the following power law form $ ðP 1 À PÞ 0:4AE0:1 . The obtained critical exponent is consistent with the mean field theory by Yamaji 12) if the parameter and the applied pressure are linearly propotional to the T 1 -CDW gap and the interchain transfer integral t, respectively. This is additional criticality of the T 1 -CDW transition and suggests that the pressuretuned T 1 -CDW transition is of second order.
Although the above observation related to the critical phenomenon suggests that the pressure-tuned T 1 -CDW transition is of second order, we also find the coexistence of the T 1 -CDW and the u-SC states near P 1 , which is the nature of first order transition. To reconcile the conflict observation (''coexistence'' versus ''critical behavior''), we assume quantum nature of the u-SC state and phase separation.
The mechanism of the coexistence of the T 1 -CDW phase and the u-SC phase can be understood as follow: Based on the observation of the critical phenomenon for the T 1 -CDW phase, we assume a percolation process for the pressuretuned T 1 -CDW transition at low temperatures. Near P 1 on the T 1 -CDW side, a correlation length for the T 1 -CDW phase is divergence. We observe very broad u-SC transition below P 1 and the transition width become much sharpen with increasing pressure. Since the fluctuation contribution is, in general, proportional to the inverse of the fluctuation volume V, we speculate that the average size of the u-SC domain grows up with increasing pressure. The T 1 -CDW domains separate the u-SC domains, i.e., phase separation is assumed. However, it is expected that there is quantum tunneling of Cooper pair between the u-SC domains separated by the CDW domain. As a result, even at below P 1 , the correlation length for the u-SC state can be divergence, leading to the coexistence of the u-SC and the T 1 -CDW phases.
There is similar consideration in superconductor-insulator (S-I) transition in a variety of SC films. [31] [32] [33] [34] [35] [36] [37] In the SC films, the random potential produce a second order transition between Bose-glass (insulating phase) and vortex-glass (SC) phases. 31, 32) The transport coefficient reflects a percolative nature in the S-I transition. Near the S-I transition, the Cooper pairs and vortices are playing a dual role. In the vortex-glass phase the Cooper pairs are condensed and the vortices are localized, whereas in the Bose-glass phase the vortices are condensed and the Cooper pairs are localized. Just only at the transition, neither vortices and Cooper pairs are localized. Subsequently, a simple non-critical behaviour, that is, coexistence between the Bose-glass and the vortexglass phases was observed near the S-I transition 39, 40) and the non-critical behavior holds in a sizable portion of the phase diagram. To understand the non-critical behavior near the S-I transition, quantum tunneling of Cooper pairs (vortices) between localized SC (vortex) domains in the insulating (SC) side is taken into account. 32) In the P-T phase diagram in NbSe 3 , the u-SC and the T 1 -CDW phases may correspond to the vortex-glass and the Bose-glass phases, respectively. As a different point, we consider only quantum tunneling of Cooper pair, but quantum nature of the T 1 -CDW phase is neglected in the coexistence region in spite of the observation of the broad T 1 -CDW transition near P 1 . It means that the destruction of the T 1 -CDW phase may be understood by only considering the pressure dependence of the FS nesting, that is, not the quantum-but the classical-phase transition. 12) In fact, the obtained critical exponents from Figs. 4 and 5 are consistent with the mean field theory by Yamaji, 12) suggesting that the quantum fluctuation plays a minor role for the pressuretuned T 1 -CDW transition. As a result, the u-SC and T 1 -CDW phases are not playing the dual role, leading to breakdown of counterbalance between the pressure dependence of T c and T 1 . 
Conclusions
We have extensively measured the electrical resistivity of NbSe 3 near the critical pressure for the T 1 -CDW phase. By high quality hydrostatic pressure, we refined the P-T phase diagram in NbSe 3 to investigate the correlation between the T 1 -CDW and the u-SC states. We find that the u-SC state coexists with the T 1 -CDW phase, which cannot be attributed to the pressure inhomogeneity. The mechanism of the coexistence of the u-SC and the T 1 -CDW phases can be understood in terms of the quantum tunneling of Cooper pairs between the u-SC domains separated by the CDW domains. The experimental results reported here demonstrate that the SC can coexist with the CDW phase on the same FS even in the case of nearly perfect nesting.
